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Abstract – We explore the optical properties of whispering 
gallery modes (WGMs) in silicon optical fibres and optical bottle 
microresonators. In particular, a pump-probe technique is used 
to experimentally demonstrate thermally induced all-optical 
modulation. High quality (Q) factors and small mode volumes 
are utilized to demonstrate ultrafast Kerr effect based 
modulation and switching. Q factors exceeding ~107 are 
demonstrated for novel microbottle resonators (MBRs), 
fabricated from standard telecommunications fibres.  
Keywords – Whispering Gallery Modes, Microcylindrical and 
Microbottle resonators, All-Optical Switching.  
I. INTRODUCTION 
Optical whispering gallery mode microresonators confine 
light both spatially and temporally via continuous total 
internal reflection, enabling small mode volumes and high 
quality (Q) factors [1]. Over the years, their unique properties 
have permitted the conversion of quantum states in quantum 
electrodynamics [2], switching and modulation for 
telecommunications [3-8], the development of ultra-sensitive 
biosensors [9], and the observation of nonlinear phenomena at 
ultra-low thresholds including lasing, parametric 
amplification, and Raman scattering [10-13]. Diverse 
geometries have been investigated, most notably 
microspheres, microdisks, toroids and micropillars, using a 
range of dielectrics and semiconductor materials. 
Recent advances in silicon photonics have accelerated 
interest in the fabrication of high Q silicon WGM 
microresonators [14-16]. Silicon is an excellent material for 
photonics applications, owing to its high optical damage 
threshold, large nonlinearities and its broad transmission 
window (~1.2-7 m). Numerous all-optical resonator devices 
have been demonstrated from the silicon-on-insulator (SOI) 
platform, where they are typically lithography defined before 
etching. However, in these systems, the device performance 
and the highest obtainable Q factor are limited by the surface 
roughness, which is typically of the order of a few nanometers 
[14, 17]. 
In this paper we present a new platform for obtaining 
highly nonlinear WGM microcylindrical resonators based on 
silicon optical fibres. The semiconductor fibres are fabricated    
using   a   high   pressure   microfluidic chemical vapour 
deposition (CVD) technique  to  fill    silica  capillaries    with      
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 semiconductor      materials,     such    as       hydrogenated 
amorphous silicon (a-Si:H) and germanium [18, 19]. 
Importantly, the resonator surfaces are defined by the ultra 
smooth silica cladding template, so that the surface scattering 
losses are negligible compared to chip-based resonators.  The 
microcylindrical resonators can then be fabricated by etching 
the silica capillary away from the semiconductor core. This 
unique fabrication technique is extremely flexible and the 
process can be easily modified to allow for various radial, 
longitudinal and compositional properties.  
By exploiting the small mode volumes of a-Si:H fibre 
resonators, we will investigate both thermal and Kerr 
nonlinearities. Specifically, owing to the large thermo-optic 
coefficient of a-Si:H, we will demonstrate how the thermal 
nonlinearity can be used as an efficient means to characterize 
the resonator material quality. Following this, we will then 
make use of high third order nonlinearities of the a-Si:H 
material to demonstrate ultrafast Kerr effect induced 
modulation. The experiments are supported by numerical 
simulations using the coupled mode theory formalism. 
Finally, we investigate a new class of silica fibre-based 
WGM bottle resonators. These resonators have received 
considerable attention due to their unique geometry which 
allows for advantageous properties such as ultra high Q 
factors and robust integration into more complex optical 
systems. In particular, we review a technique for their 
fabrication and also a novel method to achieve a controllable 
mode selection. Owing to their ultra high Q factors, these 
resonators allow nonlinear effects in lower nonlinear materials 
and enable low threshold applications in nonlinear optics.  
II. SILICON OPTICAL FIBRE MICROCYLINDRICAL 
RESONATORS 
In this section, we address silicon microcylindrical 
resonators, with respect to their fabrication, experimental 
characterization, modelling and their all-optical functionalities 
such as switching and modulation.  
A. Silicon  Microcylindrical Resonator Fabrication   
Our investigations are based on a a-Si:H core fibre which 
has a bulk material loss of ~2.5 dB/cm at 1.55 m. A key 
advantage of starting from the fibre geometry is that we can 
obtain values for the losses and nonlinear coefficients using 
basic transmission measurements. The microresonator is thus 
fabricated in a two-step process. Firstly, the a-Si:H core  is 
deposited into a ~5.6 m diameter silica capillary using a high 
pressure CVD technique [20]. The fibres are usually deposited 
at temperatures around 400
o
C and a pressure of ~35 MPa, to 
produce a material in an amorphous state. Notably, a-Si:H is 
currently an increasingly popular material for nonlinear 
applications due to its high Kerr nonlinear coefficient [18, 21, 
22]. The microcylindrical resonator is then formed by 
completely etching away the silica template from the 
semiconductor core, using a buffered hydrofluoric acid (HF) 
solution (volume ratio 20:1 of 40% ammonium fluoride in 
water and 49% HF in water), followed by rinsing it in 
deionized water [23].  Fig. 1(a) shows a scanning electron 
microscope (SEM) image of a a-Si:H fibre with a short length 
of its core etched out.  
 
Fig. 1. (a) SEM image of an etched silicon microcylindrical 
resonator. (b) 3D ZeScope map of a a-Si:H core to determine the 
surface roughness. 
We used a ZeScope 3D optical profiler to estimate the 
surface roughness of the core. Fig. 1(b) shows the imaged 
surface of the core with the root mean square surface 
roughness measured to be ~0.14 nm, and a roughness 
correlation length of Lc~123 nm [24]. This near atomically 
smooth semiconductor surface represents an order of 
magnitude improvement in the roughness over the more 
traditional lithographic methods [14]. 
B. Optical Properties of Taper-Coupled Whispering Gallery 
Modes 
 
To characterize the modal properties of the a-Si:H WGM 
microresonator, a tapered fibre approach was carried out to 
couple light into and out of the resonator [25]. The standard 
singlemode fibre is tapered down to a diameter of 1-2 m 
using the heat-and-pull technique. Micro-positioning stages 
were used to precisely place the resonator in contact with the 
taper so that the coupling could be optimized.  A tunable 
continuous wave (CW) laser source (Tunics Plus) controlled 
via an optical components tester (Yenista CT400) was used to 
sweep over the wavelengths 1.49–1.61 m with a step interval 
of 1 pm. A polarization controller was placed before the taper 
to selectively couple into either the TE or TM WGMs. The 
transmission spectrum collected at the output end of the taper 
is shown in Fig. 2. Sharp resonances associated with the 
WGMs are observed. The Q factor is calculated by fitting a 
Lorentzian curve to one of the spectral dips, as shown in the 
inset in Fig. 2, revealing a full width at half maximum 
(FWHM) linewidth of 0.11 nm, corresponding to a loaded Q 
factor of Ql=r/FWHM=1.4x10
4
 (where r is the resonant 
wavelength). In spite of the improved surface quality, the 
loaded Q factor is of a similar magnitude to that reported in 
microdisks [16], due to the bulk material loss of a-Si:H and 
the method of coupling. Several measurements of different 
microresonators showed similar Q factors. However, these Q 
values are comparable to the integrated ring resonators used 
for optical processing, and the high extinction ratio of ~16 dB 
suggests that these resonators could find similar applications. 
 
Fig. 2. Transmission spectrum with labelled modes. Inset: Lorentzian 
fit (dashed line) to determine Q for 1.56 m resonance. 
C. Coupled Mode Theory  
To investigate the resonance behaviour of the a-Si:H 
microcylinder, we used coupled mode theory to numerically 
determine the WGMs and their corresponding  mode numbers. 
Microcylindrical resonator modes of a given polarization are 
defined by radial (n) and azimuthal (l) mode numbers. The 
radial mode number gives the number of power maxima along 
the radius, and the azimuthal mode number gives the number 
of field nodes around the circumference. The optical modes of 
a cylindrical resonator can be calculated by solving the 
Helmholtz equation in cylindrical coordinates [26, 27], so that 
the transverse electric field and mode functions of the WGMs 


































 , (1) 
where Jl are Bessel functions, 
)1(
l
H are Hankel functions of 
the first kind, k=kr-jki are the complex eigenvalues of the 
WGMs, and nc is the refractive index of the a-Si:H (assumed 
to be 3.6 at 1.55 m), and R is the microcylinder radius. The 




















c . (2) 
This equation determines the modal resonant wavelengths 
. As we are interested in localized WGMs, we estimate the z 
mode size as in Ref. [28] to be ~5 m, which allows us to 
restrict our analysis to a cylinder height of 6 m. By 
comparing the resonance positions of the spectra to the 
eigenvalues of the resonator equation, the measured WGM 
resonances are found to be TE polarized modes as labelled in 
Fig. 2. From this figure it is also clear that we have excited 
families of higher order modes (n=5 and n=7 modes 
identified). Due to the phase mismatch between the high index 
a-Si:H microresonator and the silica taper, it is not possible to 
couple to the lowest order radial modes (i.e. n=1), which 
ultimately limits the obtainable Q factors of this system. The 
corresponding free spectral range (FSR) of the resonator can 
then be estimated from the effective mode indices to be ~47 
nm, which is in good agreement with that measured for the 
n=5 and n=7 mode families of 47 nm and 45 nm, respectively. 
Figure 3(a) shows a plot of the electrical field in the radial 
direction that corresponds to the fifth radial mode at =1.56 
m. It is evident that due to the coupling to higher order 
modes, the field maximum is further from the resonator 
interface, and that the field outside the microresonator is 
evanescent and decays in an exponential manner. The 
complete intensity profile of the (l, n) = (20,5) TE mode in the 
(x, y) plane including the silica taper is shown in Fig. 3(b).  
 
Fig. 3. (a) Electric field in radial direction, n=5, =1.56 m.  
(b) Intensity profile of the l=20, n=5 whispering gallery mode as 
coupled from a silica tapered fibre with a ~2 m diameter waist. 
Further to this analysis, coupled mode theory can also be 
used to estimate the achievable Q factors of this system. 
According to Ref. [26], there are four main loss mechanisms 
that contribute to the loaded Q, and can be identified as: 
11111  
surfmatcoupWGMl
QQQQQ ,  (3) 
where QWGM is the intrinsic quality factor of the WGM, 
associated with the resonator photon lifetime, Qcoup relates to 
the coupling losses between the taper and the resonator, Qmat 
is the intrinsic material losses, and Qsurf corresponds to 
scattering losses due to the surface roughness. Using the 
coupled mode theory formalism [26], for the (l, n) = (20,5) 
mode, we can estimate individual loss mechanism 
contributions to the loaded Ql. The analysis indicates that the 
intrinsic Q of the system is of the order 10
5
, and it is evident 
that the overall quality factor is limited by the material losses 
and the coupling losses. Again, we note that despite the use of 
a-Si:H, the loaded Q factor is of a similar order to that of a 
high quality single crystal silicon microdisk resonator. The 
system performance and the Q factor can be potentially 
improved by using a silicon prism coupling technique to 
achieve optimized phase matching to the lowest radial mode, 
which exhibits the smallest mode volume and the highest 
evanescent field at the microresonator surface. However, the 
tapered SMF approach is convenient as it facilitates functional 
integration with conventional fibre infrastructures. We also 
anticipate that using a silicon prism coupling or a higher 
refractive index coupling waveguide (for example a 
chalcogenide fibre), larger separations between the resonator 
and the waveguide would be achieved, to further increase the 
Qcoup. There is on-going effort in the improvements to the 
fibre design and material quality that will result in the 
fabrication of fibres with significantly reduced bulk material 
losses [22], yielding an increase of Qmat. 
D. Thermal Nonlinearity in a-Si:H WGM Microresonators 
It is known that of all nonlinear effects, the thermal 
nonlinearity has the lowest threshold so that it can be 
observed at powers as low as tens of microwatts. However, 
these thermal effects suffer from a slow response time which 
is typically of the order of microseconds [13], limiting the 
application space. Nevertheless, a range of thermally induced 
phenomena have been observed including bistability [14] and 
oscillatory instability [29].  
We report the results of an experimental study of the 
thermally induced nonlinear effects in a-Si:H core fibre based 
microresonators. Owing to the large thermo-optic effect of a-
Si:H ( 14103.2/  KTn ), there is a measurable 
increase in the refractive index as the resonator temperature is 
raised through light absorption, which results in a red shift of 
the WGM resonances. To demonstrate this, a set of power 
dependent experiments were undertaken by scanning over the 
highlighted resonance in Fig. 2, positioned around ~1.56 m. 
The resulting shift is plotted in Fig. 4, with the coupled 




Fig. 4. Transmission spectra as a function of coupled input power. 
This data reveals a linear dependence of the shift as a 
function of power, with a relatively high coefficient of 4.5 
pm/W, when compared to silicon on-chip resonators. This 
suggests that these fibre devices should be suitable for ultra 
low power operation. By exploiting the power dependence of 
this shift, the thermal nonlinearity can be used as an efficient 
means to induce light modulation. In our analysis, we use a 
pump-probe modulation experiment to characterize the 
thermal response of the fibre based microresonators and 
demonstrate their use for low power all-optical amplitude 
modulation. A schematic of the experimental setup is shown 
in Fig. 5. 
 
Fig. 5. Experimental setup for all-optical modulation. CW TLS: 
CW tunable laser source. PGN: pulse generator. WDM: wavelength 
division multiplexer. PC: polarization controller. TF: tunable filter. 
DET: detector. OSC: oscilloscope. 
CW tunable external cavity lasers with a linewidth of ~400 
kHz (Tunics Plus) are tuned to two of the WGM resonances 
shown in Fig. 2. Specifically we use r1=1.516 m, which has 
an extinction of  ~68%, and r2=1.56 m with ~99%, and the 





respectively. Both the pump r1 and probe r2 signals are then 
launched into the tapered fibre for coupling into the resonator. 
The pump was modulated by a square wave using a pulse 
generator up to a frequency of 500 kHz. When the pulses 
enter the resonator, they induce a thermal refractive index 
change which shifts the WGM resonant frequency with 
respect to the probe wavelength. When the energy in the 
resonator is sufficient to shift r2 by half the linewidth, the 
probe is no longer at resonance, resulting in its modulation.  
 
Fig. 6. Modulated (a) input pump and (b) output probe signals 
at 25 Hz. c) Modulated probe at 21 kHz. 
A wavelength tunable filter was used at the output to isolate 
the probe, which was monitored on an oscilloscope.  We 
found that a coupled pump power of only ~10 W was 
required in the resonator to modulate the probe beam.  
Fig. 6(a) shows the input pump and Fig. 6(b) the output 
probe signal measured by the oscilloscope, at a frequency of 
25 Hz. At higher frequencies, for example 21 kHz shown in 
Fig. 6(c), the output signal can still follow the modulation of 
the pump but becomes clipped. 
To determine the thermal response time of the fibre 
resonators, Fig. 7 shows measurements of the peak-to-peak 
amplitude (Vp_p) of the probe beam versus the modulation 
frequency. At lower frequencies, a flat response is observed, 
indicating that the thermal response time is faster than the 
modulation speed. However, when the modulation is faster 
than the response, a roll-off in the amplitude is observed, as 
seen via a comparison of Figs. 6(b) and 6(c). From the 
behaviour shown in  Fig. 7  a  –3 dB  corner  frequency  of 21 
kHz can be measured. Using the usual bandwidth convention, 
the   thermal  response  time  can   be   estimated  as  
τ=1/(2f-3dB) = 7.5 s [30]. With this value of the thermal 
response time and the power dependent resonance wavelength 
shift, it is possible to determine the linear absorption 
coefficient of the microresonator material, as shown in Ref. 
[31]. Applying this non-destructive loss characterization 
method is potentially useful in other microresonator 
structures, such as spherical or bottle microresonators, where 
cut-back measurements cannot be used.   
 
 
Fig. 7. Measured amplitude response of the probe beam as a function 
of the pump modulation frequency. The dashed lines show a  -3 dB 
corner frequency of 21 kHz. 
E. Kerr Nonlinearity in a-Si:H Microresonators 
The experimentally determined thermal response time of 
our a-Si:H fibre microresonators implies that their operational 
speed for all-optical processing applications is limited in 
practice. However, one can take advantage of the high value 
of the third order nonlinearity of the material, to dramatically 
increase switching operation. Ultrafast switching in a-Si:H 
can occur due to the Kerr effect associated with the large third 
order nonlinearity (3). Importantly, a-Si:H has a nonlinear 
refractive index n2Re(
(3)
), greater than twice that of 
crystalline silicon (and ~100 times larger than silica), and a 
similar two photon absorption coefficient TPA. This gives a 
larger relative figure of merit (FOM= n2/TPA) [18], 
FOM~1.5, which validates the potential for ultrafast Kerr 
effect based switching and modulation. To date, Kerr 
nonlinear switching has been demonstrated in different 
structures including planar SiN [32] and GaAs [5] 
microcavities, silica microring towers [33], and silica bottle 
microresonators [6], however it has not yet been explored in 
silicon. 
Here we present the results of experiments that use a a-Si:H 
microresonator for all-optical switching with low energy 
picosecond pulses at telecom wavelengths. Furthermore, in 
order to deconvolve the contributions of the Kerr and thermal 
nonlinearity we observe and compare the resonant wavelength 
shift when the microresonator is pumped with a continuous 
source and a picosecond source. The a-Si:H core 
microresonator used for the experiment has linear loss 
measured via the cut-back method of ~1.5 dB/cm. The 
nonlinear transmission measurements at ~1.54 m reveal a 




/W and a TPA parameter 
TPA~0.8 cm/GW [18]. Initially, we characterized the 
resonator and recorded the transmission spectrum over the 
wavelength range 1490-1610 nm, shown in Fig. 8. Two 
resonances are highlighted at the wavelengths r1=1532.5 nm 
andr2=1577.4 nm. The corresponding loaded Q factors are 




, with their 
cavity lifetimes of the order of 10 ps. 
 
Fig. 8. Transmission spectrum highlighting two resonances 
 r1 ~ 1532.5 nm (blue) and r2 ~ 1577.4 nm (red) fitted (inset) with 
Lorentzian line fit (green dashed). 
The schematic diagram of the set-up for the investigation of 
the wavelength shifting due to Kerr and thermal effects and 
consequently the Kerr effect induced all-optical switching in 
the a-Si:H microresonator is shown in Fig. 9.  
 
Fig. 9. Set-up for all-optical Kerr switching. HNLF: highly nonlinear 
fibre. EDFA: Erbium doped fibre amplifier. OCT: Optical 
component tester. DSO: digital sampling oscilloscope. 
The ~5.6 m diameter microresonator is optimally 
positioned to be in contact with the ~2 m diameter tapered 
fibre which serves to evanescently couple light into the WGM 
of the resonator. The system comprises two sources, a CW 
tunable laser and a pulsed laser.  A pulsed laser is obtained 
from a femtosecond laser (720 fs, 40 MHz) pumped highly 
nonlinear fibre. This system produced a broadband 
supercontinuum, which is then narrow-band filtered to yield 
2.2 ps (FWHM) probe pulses at the desired wavelength.  
In the first experiment, using a pump-probe setup, we 
positioned the pump on r2, which was either CW (in this case 
the pulsed laser shown in Fig. 9  is replaced by  another CW 
tunable laser) or picosecond pulsed, then used a low power 
CW probe (shown in Fig. 9) to scan over resonance r1. The 
resonant shift is measured using an optical component tester 
for a range of coupled powers up to 20 W, the results are 
shown in Fig. 10(a). The figure shows a ~2 nm resonant 
wavelength shift in case of a pulsed source and a resonant 
shift of only ~0.2 nm for the CW source for the same 20 W 
average power. We attribute this smaller shift to the thermal 
nonlinearity and an order of magnitude larger red wavelength 
shift to the Kerr nonlinearity induced by the high peak powers 
of the pulse source. As the pump pulses are much shorter than 
the thermal response time of the microresonator, it can be 
concluded that the instantaneous Kerr effect is the prevailing 
nonlinear mechanism.  
Next, to explore the Kerr effect for all-optical switching, 
the two sources, CW probe and pulsed pump, were tuned to 
the resonances r1 and r2, respectively, and launched into the 
tapered fibre. To record the pulses at the output of the tapered 
fibre a digital sampling oscilloscope was used (30 GHz with 
rise/fall times of 18 ps/7 ps), which could not accurately 
resolve the picosecond response time.  Thus we had to apply a 
filter which resulted in a stretching of the time axis. The 
filtered probe signal and the corresponding pump signal are 
shown in Fig. 10(b), clearly illustrating the resulting all-
optical switching that occurs when the Kerr induced index 
change shifts the resonator on and off the resonance with the 
probe.  The modulation extinction ratio, determined as the 
difference between the on-off transmitted optical probe 
power, was ~3 dB, however this could be improved by 
coupling to WGMs with larger extinctions as demonstrated in 
Ref. [23]. Significantly, the optical switching displayed in Fig. 
10(b) is realized for an average coupled pump power of only ~ 
11 μW, corresponding to ~100 mW of peak power.  
 
 
Fig. 10. (a) Wavelength shifting as function of average power for 
Kerr (circle) and thermal (triangle) shifts. (b) All-optical switching of 
CW probe due to pumping with a high power, short pulse. 
Owing to the near instantaneous response of the third order 
nonlinearity we expect the on-off switching time to be of the 
order of the cavity lifetime [3], which is still an order of 
magnitude faster than previously reported free-carrier induced 
switching. In principle, the Kerr effect allows one to realize 
almost arbitrary modulation speed due to its instantaneous 
response.   However, in practice  the speed is   limited  by the 
-3dB bandwidth of the resonator, governed by B=c/(rQl), 
where c is the speed of light in vacuum. For the measured 
Ql=1.2x10
4
, the switching speed is determined as ~15 GHz. 
This switching speed can be further increased by reducing the 
Ql, by adjusting the concentration of the incorporated 
hydrogen in the resonator [34]. 
III. OPTICAL BOTTLE MICRORESONATORS 
In this section we present optical bottle microresonators 
accentuating their fabrication, WGM experimental 
characterization and a novel technique for the mode selection.   
A. MBR Fabrication and Characterization 
Whispering gallery mode solid and hollow microbottle 
resonators have recently been proposed [35-37]. Their 
experimental characterization and theoretical study showed a 
number of features, such as ultra high Q factors and increased 
controllability of the resonance spectra, giving rise to 
numerous potential applications in photonics.  
MBRs are highly oblate structures, and they are fabricated 
using a standard fibre fusion splicer, by a simple “soften and 
compress” technique. Figure 11 shows the schematic of the 
process, where a splicer is used to soften a small region of a 
standard silica optical fibre, while simultaneously 
compressing it. As a result of this process, a double- neck 
bottle fibre microresonator is obtained.    
 
Fig. 11. Microbottle fabrication technique “Soften and Compress”. 
To characterize the optical properties of this resonator, a ~2 
m diameter tapered fibre is placed at various positions along 
the fibre. A CW tunable laser is used to launch light into the 
taper, and to evanescently couple into the whispering gallery 
modes of the MBR. The transmission spectra recorded at the 
output of the taper are shown  Fig. 12. A resonance spectrum 
of the normal fibre is plotted at the top (right) of Fig. 12 for 
comparison, showing a typical spectrum of the propagation of 
the mode with a lack of lateral confinement. From Fig.12 it 
can be observed that the spectrum becomes rich and dense 
when the tapered fibre is approaching the centre of the MBR, 
and vice versa as the taper is approaching the two turning 
points at the neck of the bottle resonator.  
It is known that for a given bottle shape, the MBR WGMs 
are uniquely defined by three mode numbers m (azimuthal), p 
(radial) and q (axial), and a characteristic wavelength λmpq 
[35]. Due to the strong asphericity of the MBR, all the 
supported modes are degenerate with strongly overlapping 
free spectral ranges and very large mode density. The 
wavelength selectivity and the strength of evanescent 
excitation of the resonator will depend upon the degree of 
phase-matching and spatial overlap between the taper field 
and the resonator mode fields at the different positions of the 
tapered fibre.  When the fibre taper is placed near the centre of 
the bottle all the supported WGMs are accessible and can be 
potentially excited.  However, only modes with low q (and 
large m), corresponding to a relatively small separation 
between turning points, are significantly excited.  Modes with 
very large q number show very rapid oscillation of fields 
around the centre of the bottle in the axial direction and are 
therefore not excited as the field overlap averages to zero.  
The breaking of degeneracy due to ellipticity results in very 
dense spectra similar to deformed microspheres. Resonances 
shown in Fig. 12 are fitted with Lorentzian curves to 
determine the quality factor, which yields Q~10
7
 at the central 
position of the taper, and compared to the normal fibre 
cylindrical resonator the Q factor is 35–fold increased due to 
the axial confinement [35]. Importantly, this ultra high quality 
factor implies that these resonators could potentially provide 
functionalities in low-power all-optical circuits, while using 
low-nonlinearity material such as silica. 
 
Fig. 12. Excitation of WGMs in MBR coupled with a tapered fibre at 
different positions. 
B. Whispering Gallery Mode Selection  
Although such dense spectral features are desirable when 
MBRs are used in cavity quantum electrodynamics, they can 
be a serious drawback in sensing and all-optical signal 
processing applications. Different techniques for the spectral 
‘cleaning’ and selective mode excitation by differentially 
attenuating some of the modes and thus reducing the number 
of resonances in the spectrum, have been introduced, 
including micro-droplets and high-index prism [37]. Here we 
present a novel method to reduce the number of resonances in 
the WGM spectrum of the MBR. This method is based on 
inscribing microgroove scars on the MBR with focused ion 
beam (FIB) milling, as shown in Fig. 13. 
 
Fig. 13. SEM image of the focused ion beam induced scars 
 (left - horizontal scar, right - vertical scars). 
FIB milling is a direct writing technique with a beam size 
smaller than 50 nm, and offers flexibility and high precision in 
the scar design. Specifically, a scar (groove) with 50 m 
length, 5 m width and 6 m depth was carved 50 m from 
the MBR centre, and in addition two scars with similar 
dimensions were milled perpendicularly and placed 
asymmetrically to the resonator axis, as shown in Fig. 13.  
The standard tapered fibre coupling approach was used to 
spectrally characterize the MBR before and after scarring. The 
spectrum of the MBR with vertical scars is shown in Fig. 14. 
It can be observed that in presence of vertical scars, a 
substantial spectral ‘cleaning’ is observed. The cleaned 
spectrum has extremely large free spectra range in comparison 
to the original spectra, and sharp resonances can be selectively 
excited. Significantly, due to its high Q factor and controllable 
spectrum features, this type of resonator could be particularly 
useful in sensing applications. 
 
 
Fig. 14. Transmission spectra of the MBR, before scarring (top) 
and after scarring (middle) with the taper at the centre, and after 




Different fibre microresonators have been studied for   
photonics applications and nonlinear optics. Firstly, the 
excitation of high Q factor WGMs in a a-Si:H 
microcylindrical resonator fabricated from the silicon optical 
fibre platform was presented. This unique high pressure 
deposition approach provides a means to reduce the effect of 
surface scattering by obtaining atomically-smooth resonator 
surfaces. We have demonstrated thermal nonlinearity induced 
all-optical modulation, and experimentally determined the 
thermal response time of the resonator, which can be used for 
non-destructive determination of the material quality. We 
have also presented a study of ultrafast Kerr effect induced 
modulation, which is the first (to our knowledge) and 
demonstration in silicon. Importantly, the flexibility of the 
deposition process allows for the fabrication of 
microcylindrical resonators from various semiconductor 
materials with differing transparency windows and optical 
nonlinearities to further extend the potential application base 
which includes sensing and devices for quantum information 
processing. 
Finally, we have presented novel optical bottle WGM 
microresonators that could attain Q factors in excess of 10
7
 in 
dielectrics and potentially semiconductor materials. Thus 
these MBRs are highly promising candidates for applications 
in nonlinear photonics. We have demonstrated that a 
substantially reduced number of modes can be excited by 
inscribing grooves on the surface of a MBR. Their shape and 
size can be optimized and adjusted for the particular 
application. We anticipate that this technique could be applied 
to other non-spherical microresonators, to achieve selective 
mode excitation.  
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